Wong MK, Sze KH, Chen T, Cho CK, Law HC, Chu IK, Wong AO. Goldfish spexin: solution structure and novel function as a satiety factor in feeding control.
spexin; nuclear magnetic resonance structure; feeding behavior; appetite control; goldfish SPEXIN (SPX), also called neuropeptide Q, is a polypeptide first identified in 2007 using the hidden Markov model for data mining in the human proteome (19) . The gene encoding SPX was independently reported by another group using a different approach by evolutionary probabilistic models based on the genome data reported for different vertebrates (35) . The discovery of SPX is a recent example of obtaining the protein structure of novel peptides using bioinformatics prior to its purification/showing of its biological actions. In human, SPX is encoded by the C12orf39 gene in chromosome 12 (48) , and its prepropeptide is composed of a hydrophobic signal peptide, followed by the 14-amino acid (AA) SPX mature peptide flanked by two dibasic protein cleavage sites (RR and GRR) (34) . Since GRR is the target site for protein processing by peptidylglycine ␣-amidating monooxygenase and the motif is highly conserved in SPX sequences found in different species, the mature peptide of SPX is believed to have ␣-amidation at its COOH terminus. The modification would probably enhance the peptide stability and/or increase its binding affinity for its cognate receptor (17) . Among the representative species used in the initial studies, SPX mature peptide was found be identical in mammals and birds (19, 34) . In general, the 14-AA peptide NMTPQAMLYLKGAQ is commonly accepted to be the SPX mature peptide in tetrapods. The sequence conservation observed in the mature peptide suggests that SPX was evolved under a strong selection pressure and may be involved in important functions essential for survival. At present, the structural information of SPX is restricted to its AA sequence. The three-dimensional (3D) structure of SPX in solution/ crystal form or the structural motifs constituting functional domains/pharmacophores in SPX molecules are still unknown.
As of early 2013, there were only six publications for SPX in PubMed, and there is a general lack of information regarding the regulation and biological actions of this newly identified peptide. Based on the initial study with functional expression of SPX in pancreatic ␤TC 3 cells, immunoreactivity of SPX mature peptide could be detected in secretory granules with insulin as well as in culture medium after prolonged incubation, implying that SPX can be processed properly, stored in secretory vesicles, and released by exocytosis at the cellular level (19) . In humans, SPX appears to be widely expressed, as its sequence was identified in expressed sequence tag databases for cancer cells from a wide range of tissues. By Northern blot and RT-PCR, SPX gene expression was confirmed in human and mouse, especially in the kidney, pancreas, brain, and placenta (19, 34) . The most extensive study on tissue expression profiling of SPX has been published recently in the rat using immunohistochemical staining (25) . In this case, SPX was found to be expressed ubiquitously in body integument, nerve fibers/nuclei in the brain and periphery nervous structures, and major organs/tissues of the respiratory, digestive, urinary, and reproductive systems. The widespread distribution of SPX raises the possibility that the novel peptide may have pleiotropic functions in different tissues. Based on the limited reports in the rat model, SPX is known to induce stomach contraction (19) , inhibit adrenocortical cell proliferation with minor stimulation on corticosteroid release (30) , and play a role in cardiovascular function, urine production, and nociception (38) . In a recent study, SPX immunoreactivity was located in the type I glomic cells within the carotid body in human and rat. Besides, SPX gene expression in the carotid body could be upregulated by exposing the rat to hypoxia (26) , suggesting that SPX may be involved in chemoreception of blood O 2 /CO 2 levels. It is worth mentioning that the functional studies of SPX are still at the beginning, and no information is available for the receptor involved/signal transduction mechanisms responsible for its biological actions.
To date, the studies on SPX are restricted to mammals, and the comparative aspects of SPX in nonmammalian species, especially in other vertebrate classes, are still unclear. To shed light on the structural and functional evolution of SPX, further investigations in lower vertebrates, including the fish and amphibians, are clearly warranted. In this study, goldfish was used as a model to examine the structure and function of fish SPX, which is due mainly to the fact that 1) it is an excellent laboratory model for endocrine research (24) and behavior studies in bony fish (15) and 2) it is a well-documented representative of the carp family, members of which are known to have high commercial value in Asian countries (FAO; http://www.fao.org/fishery/). As a first step, the cDNA and full gene of SPX were cloned in goldfish. Based on the sequence obtained, the mature peptide of goldfish SPX were synthesized and used for circular dichroism (CD) and nuclear magnetic resonance (NMR) analysis to establish its 3D structure in solution. Subsequent tissue expression profiling also revealed that SPX was widely expressed at tissue level with high levels of expression in different brain areas. Since the brain areas identified also overlapped with the areas described previously for feeding control in goldfish (41) , the function role of SPX in food intake was investigated by 1) tracking the temporal changes in SPX mRNA expression in these brain areas before and after feeding and 2) examining the effects of SPX treatment on food consumption and feeding behaviors in goldfish. To elucidate the mechanisms for feeding control by SPX, both in vivo and in vitro approaches were used to unveil the central effects of SPX on transcript expression of orexigenic and anorexigenic factors reported previously in goldfish (46) . Our studies as a whole provide new information on the solution structure of SPX and its novel function as a satiety factor for feeding control in the fish model.
MATERIALS AND METHODS
Animals. Goldfish (Carassius auratus) with 25-35 g of body weight (BW) were purchased from local aquaria and maintained in well-aerated water in 200-liter aquaria at 20°C under a 12:12-h day-light photoperiod. During the acclimation period prior to feeding experiments, goldfish were housed individually in 25-liter tanks and fed with fish food in the form of predried floating pellets (composition: 32% crude protein, 4% crude fat, 5% crude fiber, 12% carbohydrate, and 80 mg/lb vitamin C, Luguna Goldfish & Koi Food; Rolf C. Hagen, Cooksville, ON, Canada) at a ration of ϳ1% BW/meal for 14 days according to the one-meal-per-day feeding schedule, with duration of feeding fixed at 2 h as described by Volkoff (40) . The goldfish used for in vivo studies and brain cell preparation were sexually regressed (gonadosomatic index Յ0.25% BW), and mixed sexes were used routinely in our experiments, as the feeding responses for the male and female were found to be similar in our pilot studies. Drug administration and tissue sampling were conducted according to the protocols approved by the University Committee for Animal Use in Research and Teaching (University of Hong Kong).
Molecular cloning of goldfish SPX. Goldfish SPX cDNA (GenBank accession no. JQ894857.1) was obtained by 5=/3=-rapid amplification of cDNA ends (RACE) using a GeneRacer kit (Invitrogen, Carlsbad, CA), with primers designed on the basis of the conserved sequences of zebrafish and fugu SPX downloaded from the respective databases. Based on the sequence acquired, new primers were designed to pull out the full gene of goldfish SPX (cccession no. JX035990.1) from genomic DNA isolated from the whole blood of goldfish (9) using intron trapping and genome walking. The SPX gene sequence was assembled using MacVector software (Oxford Molecular, Madison, WI). Sequence alignment and phylogenetic analysis were conducted using Clustal-W and MEGA 4.0 (http://www.megasoftware.net), respectively. The signal peptide of the open reading frame (ORF) was delineated by SignalP (http://www.cbs.dtu.dk/services/SignalP/), and polyadenylation signals located in the 3=-untranslated region (UTR) were identified as described by Beaudoing et al. (3) . The 5= promoter and the splice sites marking the intron/exon junctions were located using Splicing Finder 2.4.1 (http://www.umd.be/HSF/).
Structural characterization by CD and NMR spectroscopies. The mature peptide of goldfish SPX (97.6% pure) was synthesized by GenScript (Piscataway, NJ), dissolved in a mixture of trifluoroethanol (TFE) and distilled water with increasing levels of TFE from 0 to 100%, and subjected to CD analysis using a J-720 spectropolarimeter (Jasco, Tokyo, Japan). The CD spectra of goldfish SPX were monitored with the corresponding solvent control as the background for the wavelength from 190 to 250 nm (at 0.2-nm steps), using a scanning speed of 50 nm/min. The levels of secondary structure elements present in goldfish SPX were estimated from the CD data obtained by deconvolution analysis using the CDPRO program (http://lamar. colostate.edu/ϳsreeram/CDPro/main.html). Using the optimized TFE ratio deduced by CD, one-and two-dimensional NMR analyses, including total correlation spectroscopy (TOCSY), double-quantum filtered correlation spectroscopy (DQF-COSY), and nuclear Overhauser effect spectroscopy (NOESY), were conducted for goldfish SPX using an Avance-600 NMR spectrometer (Bruker Biospin, Rheinstetten, Germany), as described previously (36) . Data processing and cross-peak assignment were routinely carried out using Topspin 2.1 (Bruker Biospin) and Sparky 3.110 (http://www.cgl. ucsf.edu/home/sparky). The DQF-COSY and TOCSY spectra were used to define the spin systems within the SPX molecule, whereas the NOESY spectrum was used to confirm the sequential connectivity between the cross-peaks identified. The structure of SPX was calculated by Cyana 2.1 (http://www.cyana.org/). Nuclear Overhauser effect (NOE) intensities and chemical shifts were extracted by Sparky 3.110 and served as inputs for the Cyana program. The final upper limit distance constraints from the last of the seven cycles of the structure calculation algorithm were checked manually before submission to an extensive simulated annealing protocol with 10,000 steps. The 20 energy-minimized conformers out of 100 final refined structures were used for structural evaluation and statistical analysis. The 3D model and surface plot of goldfish SPX were generated by the MOLMOL program (http://jedi.mathstat.dal.ca/MOLMOL/).
Tissue distribution of SPX expression. Tissue distribution of SPX expression was examined in goldfish using RT-PCR. Briefly, total RNA was isolated from selected tissues and brain areas using Trizol (Invitrogen). After DNase I digestion (Roche, Mannheim, Germany), RNA samples were reverse transcribed using Superscript II (Invitrogen), and the first-strand cDNAs obtained were used as the templates for PCR, using primers flanking the ORF region of goldfish SPX (5=-GACTCAGCAGCAGAAGACAAC-3= and 5=-TAATG TTTC-AAGTTCATCCTC-3=). PCR reactions were conducted for 38 cycles with denaturation at 94°C for 30 s, annealing at 52°C for 30 s, and extension at 72°C for 1.5 min. PCR products were then resolved in 2% agarose gel, visualized by ethidium bromide staining, and transblotted onto nylon membrane for Southern blot using a digoxigenin-labeled probe for goldfish SPX. RT-PCR for ␤-actin was also performed to serve as an internal control. Since three transcripts with different levels of intron retention were detected by RT-PCR (giving 847-, 805-, and 574-bp bands), and only the one with 574-bp PCR product was found to be the mature mRNA coding for the 14-AA SPX mature peptide, a real-time PCR system was set up to selectively detect a 156-bp amplicon (covering the 3 intron/exon junctions) originated from the "574-bp" mature transcript. Based on our validation, the system was not effective in amplifying SPX transcripts with intron sequences. Real-time PCR was conducted in a RotorGene-Q System (Qiagen, Valencia, CA), with primers and PCR conditions described in Table 1 , using a SYBR Green real-time PCR kit (Roche), and the system consistently produced a single PCR product of 156 bp in size with melting temperature at 81°C. In this study, real-time PCR for 18S RNA was used as a normalization control. To shed light on protein expression of SPX, immunoprecipitation was performed in goldfish brain lysate using an AminoLink Plus Co-IP kit (Pierce, Pockford, IL), with a SPX antiserum raised against mouse SPX mature peptide (H-023-81; Phoenix Pharmaceuticals, Burlingame, CA). The pulldown was subjected to liquid chromatography-mass spectrometry/ mass spectrometry (LC-MS/MS) with a C 18 column for capillary flow LC, with goldfish SPX peptide as a standard. The ion current signals were extracted based on the mass-to-charge ratio (m/z) and retention time defined by goldfish SPX standard, and collision-induced dissociation spectra were then acquired for protein identification using a MSD/XCT G2447A Mass Detector (Agilent Technologies, Palo Alto, CA).
Postprandial changes in SPX expression. Goldfish were housed singly in 25-liter tanks and entrained to a one-meal-per-day feeding schedule (with feeding initiated at 10:30 AM) for 14 days. After that, a time course experiment was initiated to examine the effects of feeding on SPX mRNA expression in brain regions shown previously to be the "gustatory area" in goldfish brain (41) , including the telencephalon, optic tectum, and hypothalamus. SPX gene expression was also monitored in the pituitary, which was used as a negative control in this experiment. The time for daily administration of fish food was taken as time zero (0 h) for reference. Different brain areas as well as the pituitary were harvested during the "prefeeding" period at 3, 1, and 0 h prior to food administration. During the feeding period (after 10:30 AM), the fish were divided into two groups, namely the "fed group" receiving food pellets and the "unfed group" with no food. Tissue sampling was performed in the two groups at 1, 3, and 6 h after the time scheduled for food administration. At the respective time points, the fish were euthanized by overdose with the anesthesia MS222 (Sigma), and the target brain areas were excised and frozen in liquid nitrogen. Total RNA was then extracted by Trizol, digested by DNase I, and reverse transcribed with Superscript II. RT samples obtained were subjected to SPX mRNA measurement using the newly established real-time PCR system for goldfish SPX, as mentioned in the preceding section. In this study, real-time PCR for ␤-actin was used as the internal control. In vivo feeding experiments. After entraining the fish in 25-liter tanks with the one-meal-per-day feeding schedule, drug treatment by intraperitoneal (ip) or intracerebroventricular (icv) injection was performed as described previously (45) . For icv injection, 2 l volume of test substances dissolved in fish physiological saline (44) , including mouse leptin (PeproTech, Rocky Hill, NJ), rat neuropeptide Y (NPY; Tocris Bioscience, Bistol, UK), and human orexin A (American Peptide, Sunnyvale, CA) alone or in combination with goldfish SPX, was injected into the third ventricle of the telencephalon at the coordinates (ϩ1.0 M, D1.2) according to the stereotaxic atlas by Peter and Gill (22) . After treatment, different patterns of feeding behaviors reported in goldfish were recorded continuously for 2 h using a KPsec AVD714 Network Surveillance System (Avtech). By the end of the 2-h period, the leftover food pellets were harvested and dried in a 45°C oven, and the mass difference between the leftover and total input of fish pellets was used as an index for food consumption. Based on the video recorded, the cumulative counts of the three discernable feeding behaviors reported in goldfish, namely complete feeding, incomplete feeding, and bottom feeding, were scored manually in a single-blind approach based on the parameters described by Volkoff and Peter (44) . Briefly, complete feeding in goldfish was defined as the feeding action of engulfing food pellets on the water surface in a single foraging movement regardless of the number of pellets taken into the mouth. Incomplete feeding, in contrast, referred to the action of regurgitation/spitting after swallowing food pellets. In this case, food pellets would be spat out within a short period with or without mastication after the foraging action occurred close to the water surface. Unlike the complete feeding that occurred at the water surface, bottom feeding was defined as the sucking activity of goldfish that occurred on the floor of the housing tank mainly to pick up food debris or feces sunk to the bottom.
Transcript expression of feeding regulators in goldfish brain. Goldfish SPX was administered by icv injection, with parallel treatment of physiological saline as the control. After icv injection, goldfish were allowed to recover for 5 min to regain their operculum movement and swimming activity following MS222 anesthesia. The brain areas involved in feeding control, including the telencephalon, optic tectum, and hypothalamus, were harvested at 0, 3, 6, and 12 h following the 5-min recovery period. The samples obtained were frozen in liquid nitrogen and used for RNA extraction and reverse transcription, as described in Tissue distribution of SPX expression. Prepared RT samples were then subjected to real-time PCR for transcript expression of feeding regulators reported previously in goldfish (8) . Real-time PCR for orexigenic factors [including NPY, agouti-related peptide (AgRP), orexin, ghrelin, and apelin] and anorexigenic factors [including cocaine-and amphetamine-regulated transcript (CART), CCK, proopiomelanocortin (POMC), melaninconcentrating hormone (MCH), and corticotropin-releasing hormone (CRH)] were performed using a SYBR Green real-time PCR kit, with primers and PCR conditions described in Table 1 . In this study, real-time PCR for ␤-actin was also conducted to serve as the internal control.
In vitro goldfish brain cell culture. Goldfish brain cell culture was prepared according to the method described by Kaech and Banker (10) , with minor modifications (13) . Briefly, six to eight whole brains were excised from goldfish, and brain areas, including the telencephalon, optic tectum, and hypothalamus, were isolated and cut into thin slices of 0.9-mm-in. thickness using a Mcllain tissue chopper (Mickly Laboratory, Surrey, UK). The brain slices obtained were washed two times and incubated at 28°C for 25 min in M199 medium containing 3 mg/ml trypsin (Sigma) with constant shaking. The reaction was terminated by adding 1.25 mg/ml soyabean trypsin inhibitor (Sigma). After brief rinsing, the brain slices were gently dispersed in Ca 2ϩ -free M199 (Invitrogen) supplemented with 0.1 mg/ml DNase II (Sigma). The undispersed fragments were removed using a filter screen with a mesh size of 30, m and the brain cells obtained were cultured in 35-mm dishes at a density of 3 ϫ 10 6 cells·2 ml Ϫ1 ·dish Ϫ1 in neurobasal medium (Invitrogen) with 200 mM L-glutamine, 1:50 dilution of B27 serum-free supplement (Invitrogen), 100 U/ml penicillin, and 0.1 mg/ml streptomycin. The average viability and cell yield of our brain cell culture were found to be 82.5 Ϯ 8.1% and 3.1 Ϯ 0.7 ϫ 10 6 cells/brain (n ϭ 16), respectively. After culturing for 3 days, the cell culture was replaced with fresh medium without L-glutamine. At this stage, glial cell attachment and spreading could be noted with neuronal recovery, as indicated by neurite outgrowth in bipolar/tripolar neurons and clustering of neuronal cells onto glial cells. The cells were incubated for another 4 days prior to SPX treatment. Based on our validation, the optimal duration for drug treatment was found to be 24 h after a 7-day recovery following cell dispersion. After SPX treatment, total RNA was extracted from brain cell culture using Trizol, and RT samples were then prepared with Superscript II. After that, real-time PCR for transcript expression of selected gene targets was conducted as described in the preceding section, with ␤-actin mRNA expressed in the same sample as the internal control.
Data transformation and statistical analysis. For food consumption, the raw data were normalized to the mass of food consumed per hour and subjected to one-way ANOVA followed by pairwise Student-Newman-Keuls multiple comparison test. In the case of cumulative counting of feeding behaviors, two-way ANOVA with Bonferroni posttest was conducted with time and treatment as the two variables for data analysis. For real-time PCR of transcript expression of SPX and various feeding regulators, standard curves were constructed with serial dilutions of plasmids carrying the ORF of the respective gene targets. After linear regression of threshold cycle values, standard curves with a dynamic range of 10 5 and a correlation coefficient of Ն0.95 were used for data calibration. The raw data for the respective gene targets were quantified in terms of femtomole transcript detected per million cells. Since no major changes in ␤-actin mRNA were noted in our studies, the raw data of target transcripts were normalized with ␤-actin mRNA and transformed as a percentage of the mean value in the control group without drug treatment (referred to as "%ctrl"). The transformed data were then used for statistical analysis, using ANOVA followed by Fisher's least significant difference test. In these studies, data presented were expressed as means Ϯ SE, and differences between groups were considered significant at P Ͻ 0.05.
RESULTS

Molecular cloning of goldfish SPX.
To establish the structural identity of SPX in goldfish, a full-length cDNA of goldfish SPX that was 866 bp in size was cloned and found to be composed of a 53-bp 5=-UTR, a 309-bp ORF encoding a 102-AA prepropeptide, and a 504-bp 3=-UTR with multiple polyadenylation signals (Fig. 1A) . Phylogenetic analysis using the neighbor-joining method reveals that the newly cloned cDNA could be clustered within the clade of fish SPX and is closely related to zebrafish SPX, but to a lesser extent than that of fugu (Fig. 1B) . At the protein level, the prepropeptide of goldfish SPX (preproSPX) with a deduced MW of 11.58 kDa has a 26-AA signal peptide followed by a 14-AA mature peptide flanked by two dibasic processing sites (RR and GRR; Fig. 1A ). Sequence alignment of goldfish preproSPX with the corresponding sequences identified in other species also reveals that the NH 2 -terminal signal peptide and COOH-terminal region of preproSPX are highly variable among different vertebrate classes. In contrast, the region covering the SPX mature peptide together with the dibasic processing sites flanking the two ends is highly conserved (Fig. 2) . Among the SPX peptides found in tetrapods, except for the Ser substitution for Ala at position 6 in panda, dog, and cat, the sequence NWTPQAMLYLKGAQ appears to be well conserved from amphibians to mammals. In the case of fish SPX, a single peptide of NWTPQAMLYLKGTQ can be identified in fish models, with Thr substituted for Ala at position 13 in tetrapod sequences (Fig. 3A) .
Tissue expression and transcript processing of goldfish SPX. To establish the tissue expression profile of SPX in goldfish, RT-PCR was conducted in selected tissues and brain areas using primers flanking the ORF region of goldfish SPX (Fig.  3B ). In this study, PCR products for SPX (574 and Ͼ800 bp in size) were detected in all of the samples examined, with noticeable levels of SPX expression located in the spleen, kidney, gills, heart, liver, intestine, gonad, pituitary, and various brain areas. The authenticity of PCR products was confirmed by Southern blot using a digoxigenin-labeled probe for goldfish SPX. Subsequent sequencing of PCR products also revealed that 1) the 574-bp band was originated from the mature mRNA with the full-length ORF of goldfish SPX and 2) the Ͼ800-bp band was a "mixture" of two amplicons that were 805 and 847 bp in size, with additional inserts absent from the full-length cDNA obtained by 5=/3=-RACE. To study the sequence identity of these additional inserts, the full gene of goldfish SPX was cloned (Fig. 4 ) and found to be composed of five exons and four introns (Fig. 5A ). The intron/exon junctions found in the goldfish SPX gene all complied with the GT-AG rule (4), with appropriate intron sequences as the splice donors, splice recipients, and branch point adenine residues. Although the structural organization of goldfish SPX gene is highly comparable with its mammalian counterparts, the intron V present in mammalian SPX genes was found to be missing in fish SPX genes (Fig. 5B) . Based on the intron/exon sequences obtained for goldfish SPX gene, the PCR products (574, 805, and 847 bp) identified by RT-PCR were confirmed to be originated from SPX transcripts with different levels of intron retention, with the 805-bp product carrying the insert of intron I, the 847-bp product with intron III and intron IV, and the 574-bp product with no intron at all (Fig. 5C ). Among the three transcripts identified, intron II was not detected. Furthermore, owing to the stop codon carried in introns I and III, the 805-and 847-bp transcripts did not encode the full-length mature The polyadenylation signals in 3=-UTR are underlined and in italics, whereas the stop codon is marked by an asterisk. In the corresponding protein sequence, the signal peptide is underlined with a dotted line, and the 14-amino acid (AA) SPX mature peptide is shaded in gray. The 2 dibasic cleavage sites (RR and GRR) flanking the mature peptide are also underlined for identification. B: phylogenetic analysis of goldfish SPX nucleotide sequence by neighbor-joining method with MEGA 4.1. The numbers presented at the branch points of the dentrogram are percentage scores based on 1,000 bootstraps. The SPX nucleotide sequences of other species were downloaded from GenBank.
peptide of SPX. Apparently, the 574-bp transcript was the only transcript identified with full-length coding sequence for protein expression of goldfish SPX.
Since RT-PCR is not ideal for quantitative analysis of multiple PCR products originated from the same primers, real-time PCR specific for the intronless 574-bp transcript was set up and used for tissue expression profiling of SPX in goldfish (Fig. 3C) . Similarly to RT-PCR, SPX signals were found to be expressed ubiquitously in various tissues and brain areas, with the highest levels detected in the optic tectum, hypothalamus, and brain stem and to a lower extent in the cerebellum, telencephalon, pituitary, liver, spleen, heart, intestine, and gonads. Apparently, the mature mRNA of SPX was highly expressed in the central nervous system (CNS). Since the antiserum for mouse SPX mature peptide (with 1 AA different from fish SPX) is commercially available, immunoprecipitation was conducted in protein lysate prepared from the goldfish brain, and the proteins pulled down by SPX antiserum were used for LC/MS-MS (Fig. 6) . Using synthetic goldfish, SPX mature peptide (m/z ϭ 825.9; retention time ϭ 116 min) as a standard for liquid chromatography (LC) in a C 18 column, the ion current signals with m/z from 825.0 to 826.5 were extracted from the elution peak of the protein pulldown around 116 min and subjected to MS-MS after radiofrequency fragmentation. MS-MS analysis of peptide fragments produced revealed the presence of NWTPQAMLYLK (a 11 ϩ2 ), NWTP QAMLYLKG (b 12 -H 2 O ϩ2 ), and NWTPQAMLYLKGT (b 13 -H 2 O ϩ2 ), which are the breakdown products of goldfish SPX mature peptide (NWTPQAMLYLKGTQ).
Solution structure of goldfish SPX. Since no information is available regarding the 3D structure of SPX in vertebrates, the solution structure of goldfish SPX was determined using NMR spectroscopies. As a first step, goldfish SPX mature peptide (with ␣-amidation) was synthesized and subjected to far-UV CD spectroscopy. As shown in Fig. 7A , the shape of the CD spectra (as indicated by the negative ellipticity minima at 208 Fig. 2 . Sequence alignment of SPX precursor proteins. Deduced AA sequence of prepropeptide of goldfish SPX (preproSPX) was aligned with the corresponding sequences of SPX in other species using the Clustal W algorithm. The conserved AA residues within these preproSPX sequences are shaded in black, whereas the AA residues with similar properties (acidic, basic, or nonpolar) are marked with a gray background. , positions of the 2 dibasic protein cleavage sites (RR and GRR), which are essential for the release of the 14-AA mature peptide. and 222 nm) exhibited increasing characteristics of ␣-helical structure, with increasing levels of TFE in the solvent system. Deconvolution analysis confirmed that the maximal level of helical component (ϳ74%) could be noted at 60% TFE, which is equivalent to 10 AA residues involved in the formation of helical structures. Since the ␤-sheet structures were reduced to low levels (3-9%), with an increasing ratio of TFE in the solvent, it is unlikely that the ␤-sheet will make major contributions to the stable structure of goldfish SPX under a hydrophobic environment. Based on the solvent system optimized by CD analysis, 1 H-NMR spectroscopies were conducted, and complete AA spin systems for goldfish SPX were identified by DQF-COSY and TOCSY (for through-bond correlations). The spin systems for individual AAs were further confirmed by checking the cross-peaks of two-dimensional TOCSY to high field corresponding to the side chain connectivities (Fig. 7B) , followed by sequence-specific assignment to reveal d NN connectivities by two-dimensional NOESY (Fig. 7C) . After the data for NOE assignment and chemical shift were compiled (Table 2) , the secondary structure elements in goldfish SPX were delineated by NOE connectivities and 1 H ␣ chemical shift index, as described previously (36) . Based on the patterns of NOE connectivities for H ␣ of residue (i) and H N and H ␤ of residues (i ϩ 3) (Fig. 7D) , an extended ␣-helix could be located in the region from Gln 5 to Gln 14 of goldfish SPX. Since the cross-peak signals for N ␣ H i -N ␣ H iϩ1 connectivities were found to be weak or undetectable in the NH 2 -terminal from Asn 1 to Pro 4 , it is logical to assume that there is no secondary structure in this region.
Using restrained molecular dynamic calculations based on the NOE cross-peak data obtained, the proton-proton distance constraints at the atomic level were determined for subsequent construction of the 3D model of goldfish SPX (Fig. 7E) . The results of structural calculation and statistics of the data obtained were summarized in constraints, and five long-range distance constraints. The distance geometry structures of goldfish SPX were deduced, and the best 20 structures with the lowest target function, distance constraint violation Ͻ0.2 Å, and angle constraint violation Ͻ5°w ere used for subsequent analysis with final molecular dynamic refinement. For the final refined structures, the backbone traces of these 20 NMR structures were superimposed over the well-defined helical region from Gln 5 to Gln 14 , with a root mean square deviation of 0.04 and 0.63 Å for backbone atoms and all heavy atoms, respectively. Using Ramachandran analysis, the backbone dihedral angles for these NMR structures were confirmed to be within the most favored regions, with none of them in additional allowed regions or disallowed regions. As shown in the ribbon plot of Fig. 7E , which represents the final ensembles of 20 energy-minimized NMR structures, goldfish SPX is composed of an NH 2 -terminal with random structures from Asn 1 to Pro 4 , followed by an ␣-helix from Gln 5 to Gln 14 in the COOH-terminal. To examine the surface properties of the solvent-exposed residues of goldfish SPX, surface plot was also constructed for the average structure deduced from the 20 energy-minimized NMR structures (Fig. 7E, right) . Except for the basic residue Lys 11 located in the helical region, the overall surface of goldfish SPX was found to be hydrophobic and devoid of charged residues.
Functional role of SPX in feeding control in goldfish. To establish the functional link between SPX and feeding, the postprandial changes in SPX gene expression were monitored in goldfish entrained to a one-meal-per-day feeding schedule (Fig. 8) . In the control group without feeding (unfed group), SPX mRNA levels were found to be reduced in the hypothalamus and optic tectum during the first 3 h after the scheduled time of food administration. In contrast, SPX mRNA expression was elevated in the telencephalon (Fig. 8A) , optic tectum (Fig. 8B) , and hypothalamus (Fig. 8C) , with peaks at 1 h after food administration in the treatment group (fed group). In these brain areas, the postprandial rises of SPX transcripts subsided gradually and returned to basal by the end of 6 h after the initiation of feeding. In this study, the pituitary was used as a negative control (Fig. 8D) , and unlike the selected brain areas, feeding did not alter SPX mRNA expression at the pituitary level. Similar results were also obtained for SPX gene expression in the brain stem (data not shown).
To examine the functional role of SPX in feeding control, ip injection of goldfish SPX (amidated and nonamidated) was performed in goldfish with proper entrainment of feeding routine. As shown in Fig. 9A , the two forms of goldfish SPX were effective in triggering a dose-dependent decrease in food consumption over a 2-h feeding period. Similar results were also obtained with ip injection of mouse SPX, which was used as a parallel control in these experiments. Besides food consumption, noticeable changes in feeding behaviors were also observed with SPX treatment (Fig. 9B) . In goldfish, three major types of feeding behaviors, including complete feeding (for surface foraging), incomplete feeding (for food rejection), and bottom feeding (for benthic foraging), have been documented (44) . In goldfish with ip injection of amidated and nonamidated forms of goldfish SPX, a drop in cumulative counts of complete feeding with no major changes in bottom feeding was noted. Interestingly enough, a significant rise in the cumulative counts for incomplete feeding was also observed in the same experiment. To shed light on the site of action for SPX treatment, icv injection of goldfish SPX (amidated and nonamidated) was also conducted to examine its effects on food consumption and feeding behaviors. Since leptin is known to be effective in inhibiting food intake in goldfish (42) , icv injection of leptin was used as a positive control for the central action of anorexigenic factor to reduce food consumption. Similar to leptin, the two forms of goldfish SPX were effective in reducing food consumption in a dose-dependent manner (Fig. 10A) . Consistent with the results of ip injection, central administration of SPX (amidated and nonamidated) could also suppress the cumulative counts of complete feeding with a concurrent increase in incomplete feeding. However, the cumulative counts for bottom feeding were not significantly affected by SPX treatment (Fig. 10B) . To study the possible interactions of SPX with known regulators for feeding in goldfish, cotreatment of goldfish SPX (amidated) with leptin ( Fig. 11A) , NPY (Fig. 11B) , and orexin (Fig. 11C ) through icv injection was performed. Similarly to SPX, leptin treatment not only reduced food consumption but also suppressed complete feeding, with a simultaneous increase in incomplete feeding. However, cotreatment of SPX and leptin did not have additive effects in terms of food consumption or the two forms of feeding behaviors. Consistent with their role as the orexigenic factors in goldfish (8), NPY and orexin treatment increased both food consumption and cumulative counts of complete feeding without effects on incomplete feeding. Nevertheless, their effects on increasing food intake and complete feeding could be blocked by SPX cotreatment. Interestingly, SPX-induced upregulation of incomplete feeding could also be inhibited by simultaneous treatment with NPY but not orexin. In these experiments, SPX treatment (alone or with other feeding regulators) was not effective in altering the cumulative counts of bottom feeding.
Mechanisms for feeding inhibition by central actions of SPX.
To elucidate the mechanisms of SPX on feeding inhibition via central actions, temporal changes of target gene expression involved in feeding control in goldfish were monitored in selected brain areas, including the telencephalon, optic tectum, and hypothalamus after icv injection of goldfish SPX (Fig. 12) . Regarding the transcript expression of orexigenic factors, a drop in NPY mRNA was noted at 3 h after SPX treatment in telencephalon (Fig. 12A, graph 1) , optic tectum (Fig. 12B,  graph 1) , and hypothalamus (Fig. 12C, graph 1) . These inhibitory effects were maintained for up to 6 h in the telencephalon and hypothalamus but not in optic tectum. In goldfish, apelin has been identified recently as a novel stimulator for food intake (45) , and a similar reduction in apelin mRNA levels during the 3-to 6-h period was noted in the telencephalon (Fig.  12A, graph 2) . Meanwhile, a transient decrease in transcript expression of the orexigenic factor AgRP also occurred in the Fig. 6 . Protein expression of SPX mature peptide in the brain of goldfish. Liquid chromatography (LC)/mass spectrometry (MS)-MS was performed in the protein pulldown prepared from goldfish brain lysate by immunoprecipitation using antiserum raised against the mature peptide of mouse SPX. A: using goldfish SPX mature peptide as a standard, the retention time (116 min) and mass-to-charge ratio (m/z; 825.9) of goldfish SPX were defined in the LC system using a C18 column (black bar). Ion current extraction (XIC) was performed in the protein pulldown on the basis of the parameters for goldfish SPX and subjected to in-source fragmentation by radiofrequency. B: the ion current signals detected in the low-energy collision-induced dissociation spectra were then used for protein ID using MS/MS. In this experiment, the peptide fragments of goldfish SPX, including NWTPQAMLYLK (a11 hypothalamus 6 h after SPX treatment (Fig. 12C, graph 2) . However, in this study, significant changes in orexin and ghrelin mRNA expression were not detected in the brain areas examined (data not shown). Regarding the gene expression of anorexigenic factors, transient rises in CCK (Fig. 12A, graph  4) and POMC mRNA levels (Fig. 12A, graph 5 ) could be noted in the telencephalon 3 h after SPX injection. Although similar increases in CCK (Fig. 12B, graph 2) and POMC mRNA H-NMR cross-peaks of 2-dimensional NOESY spectrum of goldfish SPX (mixing time: 500 ms). TOCSY and NOESY experiments were conducted in 60% d4-TFE at 298K. D: delineation of the ␣-helical structures in goldfish SPX peptide based on NOE connectivities deduced from TOCSY and NOESY experiments. Sequential dNN connectivities and assignments are suggestive of ␣-helical character from Gln 5 to Gln 14 . E: stereoview superposition of the final restrained structures (ribbon plot at left) and surface plots (stereo models at right) of goldfish SPX mature peptide. Both the front and back views of the stereo models of goldfish SPX are presented in blue for basic residues (positively charged) and white for neutral residues (hydrophobic). For spatial reference of individual AA residues, heavy atom plots for goldfish SPX were also constructed (light blue models with nos. indicating the position of the corresponding AA residues). In these models, the mature peptide of SPX is composed of an ␣-helix from Gln 5 to Gln 14 with Lys 11 as the only charged residue on the molecular surface. (Fig. 12C, graph 3 ) also occurred in the optic tectum and hypothalamus, respectively, the transient responses of these two gene targets were delayed to 6 h after drug treatment. Similarly, a parallel rise in transcript expression of MCH, a feeding inhibitor in goldfish (16), was also observed at 6 h in the hypothalamus (Fig. 12C, graph 4 ). In the same study, interestingly, CRH mRMA levels were found to increase gradually in a time-dependent manner, with notable rises at 12 h after SPX treatment in the telencephalon (Fig. 12A, graph 6 ), optic tectum (Fig. 12B, graph 3) , and hypothalamus (Fig. 12C,  graph 5 ).
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Given that different kinetics of the gene expression responses were noted for both orexigenic and anorexigenic factors in different brain areas in goldfish with SPX treatment, it is likely that SPX could act directly on its primary neuronal targets (for the rapid responses), which might lead to a secondary activation of other neurons involved in feeding control (for delayed responses). To shed light on the "immediate targets" within the goldfish brain for SPX actions, a primary cell culture was established for goldfish brain cells prepared from brain areas, including the telencephalon, hypothalamus, and optic tectum. After recovery for 7-8 days, transcript expression of AgRP, apelin, NPY, orexin, MCH, CCK, CART, POMC, ghrelin, and CRH could be detected in goldfish brain cells under basal conditions (data not shown). In this cell culture, significant changes in transcript expression for feeding regulators, including a decrease in NPY (Fig. 13A ) with concurrent rises in CCK (Fig. 13B) and MCH transcript expression (Fig. 13C) , could be observed at 24 h after static incubation with goldfish SPX (amidated). However, similar treatment was not effective in altering transcript expression of AgRP, CART, orexin, apelin, ghrelin, POMC, and CRH (data not shown). By fixing the duration of SPX treatment at 24 h, increasing concentrations of goldfish SPX were shown to reduce NPY (Fig. 13D ) with parallel rises in CCK (Fig. 13E) and MCH mRNA levels (Fig. 13F ) in a dose-dependent manner. Consistent with our time course study, increasing doses of SPX did not affect basal levels of AgRP, CART, and POMC mRNA expression (Fig. 13, G-I) . In this study, leptin treatment was used as a parallel control. Although leptin had no effects on CCK (Fig. 13E) or MCH gene expression (Fig. 13F ), significant changes in mRNA levels of other feeding regulators, including parallel rises in CART (Fig.  13H) and POMC ( Fig. 13I ) with concurrent drops in NPY (Fig.  13D) and AgRP transcript expression (Fig. 13G) , could also be noted.
DISCUSSION
SPX is a novel peptide in mammals with widespread distribution and, based on limited studies reported, was shown to Intraperitoneal injection of increasing doses of 2 forms of goldfish SPX mature peptide (gf SPX; amidated and nonamidated) was performed, and their effects on food consumption in goldfish were monitored over a period of 2 h after food administration. Treatment with mouse SPX (mSPX) was also conducted for parallel comparison. For the effects on feeding behaviors, cumulative counts of complete feeding (for surface foraging), incomplete feeding (for food rejection), and bottom feeding (for benthic foraging) were scored manually over a 2-h period after food administration with/without ip injection of gf SPX (300 ng/g body wt). Goldfish used in these experiments were entrained to a 1-meal-per-day feeding schedule with food administration at 10:00 AM, and ip injection with fish physiological saline was used as the control treatment. Data presented are expressed as means Ϯ SE (n ϭ 10 -13), and experimental groups denoted by different letters (for dose-dependence studies) or asterisks (*; for time-matched comparison of feeding behaviors) represent a significant difference at P Ͻ 0.05 compared with the respective control. . Central administration of SPX by icv injection on food consumption (A) and feeding behaviors (B) in goldfish. Intracerebroventricular injection of increasing doses of the 2 forms of gf SPX (amidated and nonamidated) was performed in goldfish, and their effects on food consumption were monitored over a period of 2 h after food administration. In this study, parallel treatment with mouse leptin (50 ng/g body wt) was used as a positive control. In parallel experiments, icv injection was also performed in goldfish to test the effects of gf SPX (100 ng/g body wt, amidated and nonamidated) on cumulative counts for complete feeding (for surface foraging), incomplete feeding (for food rejection), and bottom feeding (for benthic foraging). In this study, icv injection with fish physiological saline was used as the control treatment. Experimental groups (n ϭ 8 -11) denoted by different letters (for dosedependence studies) or asterisks (*; for time-matched comparison of feeding behaviors) represent a significant difference at P Ͻ 0.05 compared with the respective control.
have pleiotropic functions in different tissues (see INTRODUC-TION for details). Using sequence search in genome databases of fish models, SPX gene sequences could be identified in zebrafish and fugu, but not in medaka (Refs. 19 and 34 and our own data analysis), suggesting that the novel peptide may also be expressed in bony fish. In this study, the structural identity of goldfish SPX was established by molecular cloning, and phylogenetic analysis confirms that the newly cloned SPX is a member of the SPX gene family in fish models. Similar to zebrafish, the gene of goldfish SPX is composed of five exons and four introns, with the coding region of SPX mature peptide spreading across exons 3 and 4. The structural organization of the SPX gene is well conserved during vertebrate evolution, except that mammalian SPX genes have an extra intron, namely intron V, that splits the last exon 5 in fish models into exons 5 and 6 in mammalian genes. Introduction of new introns by intron transfer/transposition, transposon insertion, tandem duplication of genomic DNA, and/or intron gain during DNA repairing is a common phenomenon that occurs during structural evolution of eukaryotic genes (51) . The process can presumably increase proteome diversity by alternative mRNA splicing, modify gene regulation by housing new cis-acting elements, and/or produce new functional products via long noncoding RNA/protein-coding genes within the introns (29) . Although our finding suggests that intron insertion had occurred in exon 5 of a "fish-like" ancestral SPX gene, the functional relevance of this structural modification is presently unknown.
Regarding the deduced protein sequence, the preproSPX encoded by the newly cloned goldfish SPX is 102 AA in size, with an NH 2 -terminal signal peptide and a 14-AA SPX mature peptide flanked by two well-conserved dibasic cleavage sites , and (C) orexin on food consumption and feeding behaviors in goldfish. Intracerebroventricular injection of gf SPX (100 ng/g body wt, amidated) was performed in goldfish with or without coinjection of mouse leptin (100 ng/g body wt), rat NPY (30 ng/g body wt), and human orexin A (10 ng/g body wt). The effects of SPX treatment on food intake (left) and different types of feeding behaviors (right) were monitored over a period of 2 h after food administration. In this study, icv injection with physiological saline was used as the control treatment. Experimental groups (n ϭ 10 -12) denoted by different letters represent a significant difference at P Ͻ 0.05 compared with the respective control.
(RR and GRR), followed by a relatively long COOH-terminal region. Since the GRR motif is known to be a signature sequence for ␣-amidation during peptide processing (28) , it is likely that SPX mature peptide in goldfish is ␣-amindated at its COOH terminus. Although the signal peptide and COOHterminal region are highly variable among different species, the SPX mature peptide is highly conserved from fish to mammals, suggesting that SPX may be involved in important functions that have constrained its structural change during evolution. Based on the initial report by Mireabeau et al. (19) , the 14-AA peptide NMTPQAMLYLKGAQ was assumed to be the SPX mature peptide in mammals. Our analysis using a broader range of mammalian models has revealed the presence of a SPX variant with the AA sequence of NMTPQSMLYLKGAQ in panda, dog, and cat, indicating that structural variations do occur in mammalian SPX. In the case of fish models, the mature peptide of goldfish SPX (NMTPQAMLYLKGTQ) was found to be identical to that of fugu and zebrafish and with a single substitution of Thr 13 for Ala 13 in the consensus sequence reported for tetrapods. Since the 3D structure of SPX, which has hampered the mapping of functional motifs/pharmacophores in SPX, is still unknown, goldfish SPX mature peptide was synthesized, and its 3D conformation was examined for the first time using CD and NMR spectroscopies. As revealed by the results of CD analysis, the solution structures of goldfish SPX are dominated by ␣-helix but not ␤-sheet structural elements. The number of AA residues involved in ␣-helix formation deduced by deconvolution analysis of CD data (10 AA) and the patterns of NOE connectivities with the data for chemical shift (10 AA) are highly comparable. As revealed by the final ensembles of the energy-minimized NMR structures, two structural domains can be delineated in the mature peptide of goldfish SPX, namely the NH 2 -terminal with random structures from Asn 1 to Pro 4 , followed by a helical region from Gln to Gln 14 extending to the COOH-terminal. In terms of the surface properties, the molecular surface of goldfish SPX was found to be highly hydrophobic, except for the Lys 11 located in the helical region. Since Lys 11 is the only charged residue on the surface of SPX molecule, and charge residues in small peptides (e.g., NPY and PP) are critical for receptor binding with high affinity and selectivity (18) , it would be logical to assume that Lys 11 may play a role in physical/functional interaction with its cognate receptors in target cells. In our study, the 3D structure of SPX was observed more readily in a solvent with high levels of TFE (Յ60%). This is consistent with the idea that small peptides usually do not have well- 
(1)
(2) (4) Fig. 12 . Central administration of SPX on orexigenic and anorexigenic signals expressed in different brain areas of goldfish. Intracerebroventricular injection of goldfish SPX mature peptide (100 ng/g body wt, amidated) was performed in goldfish entrained to the regularly timed feeding schedule. After injection, total RNA was extracted from the telencephalon (A), optic tectum (B), and hypothalamus (C) at selected time points as indicated and subjected to real-time PCR for 1) orexigenic factors, including NPY, orexin, agouti-related peptide (AgRP), and apelin, and 2) anorexigenic factors, including proopiomelanocortin (POMC), cocaine-and amphetamine-regulated transcript (CART), CCK, melanin-concentrating hormone (MCH), and corticotropin-releasing hormone (CRH). In this study, icv injection with physiological saline was used as the control treatment, and real-time PCR of ␤-actin was used as the internal control. The data obtained (n ϭ 12) at various time points were normalized as %ctrl at time 0 without SPX treatment. For clarification of data presentation, only the time course profiles of feeding regulators with significant changes (P Ͻ 0.05) in the respective brain areas are presented.
defined 3D structure in aqueous solution, and their random structures can refold into structural elements under the hydrophobic environment close to the plasma membrane of target cells (7) . Similar 3D conformation with random structures in the NH 2 terminus followed by an ␣-helix extended to the COOH terminus has also been reported in other neuropeptides, including pituitary adenylate cyclase-activating polypeptide (36) , vasoactive intestinal peptide (39) , and NPY (47) . Given that these neuropeptides are known to exert their biological functions via activation of G protein-coupled receptors, we do not exclude the possibility that SPX may trigger its biological actions through G protein-coupled receptors yet to be identified.
Consistent with the recent report on tissue expression profiling in the rat (25) , SPX was found to be expressed ubiquitously in goldfish. The widespread pattern of SPX distribution is in agreement with the pleiotropic functions of SPX reported in different tissues in mammals. In our RT-PCR study, three transcripts producing PCR products of different size (847, 805 and 574 bp) could be detected in various tissues. Sequence analysis of these PCR products confirmed that they were SPX transcripts produced by alternative splicing of introns. Since the 847-(with introns III and IV) and 805-bp transcripts (with intron I) carry premature stop codons in their intron sequences, they are not able to encode the full-length SPX mature peptide. The 574-bp transcript (with no introns) was the only transcript . Goldfish brain cell culture was incubated for 24 h with increasing levels of goldfish SPX mature peptide (10 -1,000 nM, amidated). Parallel treatment with mouse leptin (300 nM) was also conducted to serve as a positive control. In these experiments, total RNA was extracted from cell culture after drug treatment and subjected to real-time PCR for quantitation of target gene expression. Experimental groups (n ϭ 12) denoted by different letters represent a significant difference at P Ͻ 0.05 compared with the control.
identified with the full-length sequence of SPX mature peptide flanked by the two dibasic cleavage sites. This is probably the protein-coding mature mRNA responsible for the production of SPX peptide. Since the transcript with intron II was not detected in all of the tissues examined, we postulate that excision of intron II might have occurred in SPX primary transcript prior to differential splicing of 1) intron I (to produce the 805-bp transcript) and 2) introns III and IV (to produce the 805-bp transcript). Subsequent removal of the remaining introns could presumably yield the 574-bp mature transcript for peptide expression (Fig. 5C ). In eukaryotes, alternative mRNA splicing leading to an increase in output diversity of transcript expression is not uncommon. Through functional coupling to nonsense-mediated decay (12) and/or nuclear retention and elimination (50), the intron-containing transcripts can be removed through a drop in transcript stability, which forms another layer of posttranscriptional modulation of target gene expression (11) . Whether the expression of 847-and 805-bp transcripts can be differentially regulated and contribute to functional changes in SPX peptide is unclear and remains to be investigated. Using real-time PCR targeting the 574-bp mature mRNA, the protein-coding SPX transcript was found to be expressed at high levels in the optic tectum, hypothalamus, and brain stem and to a lower extent in the olfactory bulbs, telencephalon, cerebellum, and pituitary. Consistent with the high levels of transcript expression in different brain areas, protein expression of SPX was also confirmed by LC/MS-MS in protein pulldown prepared from goldfish brain lysate, using the antiserum for SPX mature peptide. In the rat, SPX transcripts and SPX protein expression could be located in brain areas, including the cerebral cortex, hypothalamus, cerebellum, and brain stem (25) . Given that SPX immunoreactivity was also detected in the cytoplasm of neuronal cells in these brain areas, it is likely that SPX may function as a neurotransmitter/neuromodulator within the CNS. In goldfish, the brain areas with high levels of SPX gene expression, e.g., hypothalamus and brain stem, have been reported to be the critical areas for feeding control well conserved from fish to mammals (6) . Using PCR techniques, expression of orexigenic factors, including NPY, orexin, AgRP, and ghrelin, and anorexigenic factors, including POMC, CCK, CART, and CRH, have been demonstrated in the goldfish hypothalamus, and these feeding peptides are known to form a complex network of "feeding circuitry" linking with other gustatory nuclei in the telencephalon and optic tectum (for review, see Refs. 41 and 46) . In goldfish entrained with regularly timed daily meals, postprandial rises of SPX gene expression could be observed in the telencephalon, optic tectum, and hypothalamus but not in the pituitary and brain stem. Using ip and icv injection, both amidated and nonamidated forms of goldfish SPX mature peptide were effective in suppressing food consumption and surface foraging (i.e., complete feeding) with the concurrent rise in food regurgitation/vomiting (i.e., incomplete feeding).
Our results indicate that 1) SPX expression in brain areas involved in appetite control could be induced by food intake and 2) SPX mature peptide, by acting centrally, could inhibit food consumption via a drop in food-seeking behavior with an increase in food rejection activity. Our findings as a whole are in agreement with the functional parameters defined previously by Woods and D'Alessio (49) for satiety signals triggered by feeding, suggesting that SPX may serve as a satiety factor in fish model. Apparently, the ␣-amidation in the COOH terminus is not essential for the bioactivity of SPX, as the two forms of goldfish SPX (amidated and nonamidated) had similar effects on food intake/feeding behaviors. Since ip injection of mouse SPX could also inhibit food consumption in goldfish, the cognate receptor for fish SPX is probably promiscuous for ligand binding with mammalian SPX. In the unfed control of our study on the postprandial changes in SPX gene expression, transient drops in basal levels of SPX transcript were also noted in the hypothalamus and optic tectum during the scheduled feeding period. These may be related to the food-anticipatory responses commonly reported in entrained animals (2) . In goldfish with proper entrainment, NPY mRNA levels could be upregulated in brain areas, including diencephalon and hypothalamus, during the meal time without food administration (21) . This phenomenon is comparable with the preprandial rise of plasma ghrelin level observed in human subjects prior to food intake (27) .
In goldfish, postprandial rises of transcript expression of anorexigenic factors, including CCK (23) and CART (43) , have been reported previously in brain areas appropriate for feeding control, and central administration of feeding inhibitors (e.g., CART, CCK, and leptin) not only reduce basal but also inhibit food intake induced by orexigenic factors, including NPY and orexin (14, 42, 44) . In the same animal model, leptin immunoreactivity has been demonstrated recently in the GI track (31,) but leptin gene expression in the brain is not affected by feeding (37) . However, icv injection of mouse leptin is known to modulate NPY and CCK gene expression in the hypothalamus (42) . Similarly to mammals, functional interactions of feeding regulators, including both central and peripheral orexigenic factors and anorexigenic factors, form the basis of the neuroendocrine control of feeding in fish models (for a recent review, see Ref. 8) . In our studies, cotreatment of goldfish SPX via icv injection could abolish the stimulatory effects of NPY and orexin on food intake and surface foraging. Interestingly, the food rejection activity induced by SPX was nullified by simultaneous treatment with NPY but not orexin, which is consistent with the previous report in goldfish on NPY inhibition of incomplete feeding (21) . Furthermore, no additive effects could be noted with SPX and leptin in terms of their inhibition on food intake and feeding behaviors. These results suggest that SPX, by differential interactions with other feeding regulators within the brain, may act as an integral component of the feeding circuitry in goldfish. This idea is in agreement with our findings that icv injection of SPX could differentially regulate transcript expression of both orexigenic and anorexigenic signals in various brain areas in the goldfish. In this case, downregulation of NPY mRNA expression was observed in the telencephalon, optic tecturm, and hypothalamus, whereas transient drops in apelin and AgRP transcript levels could be located in the optic tectum and hypothalamus, respectively. In contrast to the inhibition on orexigenic factors, SPX treatment was found to increase transcript expression of anorexigenic factors in various locations with different kinetics, including the transient responses (3-6 h) for CCK (in telencephalon and optic tectum), POMC (in telencephalon and hypothalamus), CART (in telencephalon), and MCH (in hypothalamus) and the delayed responses (12 h) for CRH gene expression (in telencephalon, optic tectum, hypo-thalamus). Using goldfish brain cell culture prepared from brain areas covering the telencephalon, optic tectum, and hypothalamus, the differential effects on NPY, CCK, and MCH mRNA expression, but not the gene expression of other feeding regulators examined, could be demonstrated in vitro with static incubation of goldfish SPX. Although the "functional anatomy" of SPX with other feeding regulators expressed in the feeding circuitry has not been characterized in our studies, these findings have prompted us to speculate that NPY, CCK, and MCH neurons within the "feeding areas" of the brain may be the primary targets of SPX, and subsequent upregulation of CCK and MCH with a concurrent drop in NPY expression in these brain areas may have secondary effects on POMC, CART, apelin, and AgRP expression in other "feeding neurons." In goldfish, overlap in distribution of the cell bodies/ neuronal fibers with immunoreactivities for various feeding regulators (e.g., NPY, CCK, MCH, and ␣-MSH) has been reported in different brain areas (Ref. 32 and the references within). In the hypothalamus, MCH fibers can be mapped in close proximity to ␣-MSH-containing neurons, and ␣-MSH but not CRH is known to be a key mediator for MCH inhibition on feeding (33) . These findings lend support to the thesis that the feeding control by SPX may be mediated partly by other feeding regulators. The postprandial rise in SPX expression within the CNS can probably exert two levels of "satiety signals" in goldfish, namely 1) the direct effect to reduce basal feeding and inhibit the stimulatory effects caused by orexigenic factors and 2) indirect effects to suppress basal expression of orexigenic factors with concurrent stimulation on anorexigenic signals, which then alter the feeding behaviors to initiate meal termination.
In mammals, nutritional status is known to affect hormone output from adipose tissues (1). Among various adipokines, leptin represents a major signal from white adipose tissue for appetite control (5) and by itself also serves as a regulator for energy balance and glucose homeostasis (20) . In goldfish brain cells, both SPX and leptin were effective in reducing the NPY mRNA level, which may explain the lack of additivity by the two factors on feeding inhibition via icv injection. Unlike the stimulatory effects by SPX, leptin had no effects on CCK and MCH transcript expression in brain cell culture. However, leptin could still elevate CART and POMC mRNA levels with a concurrent drop in AgRP gene expression, whereas similar treatment with SPX was without effects. These results as a whole indicate that SPX and leptin can exert overlapping and yet distinct actions within the CNS to trigger anorexigenic effects in goldfish. At present, the functional interaction of SPX and leptin in regulating the central expression of other orexigenic/anorexigenic factors is still unknown but for sure can serve as an important topic for future investigations. To our knowledge, our study represents the first report on the 3D solution structure of SPX and provides direct evidence that the novel peptide may serve as a satiety factor in the fish model. At present, it is not certain whether the functional role of SPX in appetite control can also be noted in other species, and comparative studies, especially in mammals, are clearly warranted. Given that the molecular structure of SPX is highly conserved, the finding of SPX as a new "anorexigenic signal" will have a strong impact on the research of obesity, diabetes, and eating disorders.
